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Abstract
Active Noise Control (ANC) is a buzzword in acoustics today. Applied
correctly, ANC methods have proved to be better insulators in low frequency
noise, than usual absorbers. However, when a broad band noise needs to be
controlled, such active methods have difficulties at high frequencies.
The main objective of this master thesis is to minimize Acoustic Energy
Density (AED) of a broad band signal by means of an active control method.
A comparison between such method and an absorption one is done, so as to
determine which has better broad band behavior. Furthermore, experimental
results are compared with theoretical simulations.
Contents
Contents i
List of Acronyms iii
List of Tables iv
List of Figures v
List of Variables vii
1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Objective and structure of the thesis . . . . . . . . . . . . . . 2
2 Theoretical Background 3
2.1 The nature of sound . . . . . . . . . . . . . . . . . . . . . . . 3
2.1.1 Sound propagation . . . . . . . . . . . . . . . . . . . . 3
2.2 Energy propagation and energy density . . . . . . . . . . . . . 5
2.3 Kundt’s tube . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3.1 Sound propagation inside Kundt’s tube . . . . . . . . . 7
2.3.2 Plane waves . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3.3 Complex Amplitude Coefficient (CAC), β . . . . . . . 8
2.4 Noise control . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4.1 Energy density calculation . . . . . . . . . . . . . . . . 10
2.4.2 Active method: Minimum Energy Method (MEM) . . . 11
2.4.3 Active method: Maximum Absorption Method (MAM) 12
2.5 Theoretical simulations . . . . . . . . . . . . . . . . . . . . . . 13
2.5.1 Experimentation set-up modelling . . . . . . . . . . . . 13
2.5.2 Closed-end simulation . . . . . . . . . . . . . . . . . . 15
2.5.3 Minimum Energy Method and Maximum Absorption
Method’s simulations . . . . . . . . . . . . . . . . . . . 16
2.5.4 Methods Comparison . . . . . . . . . . . . . . . . . . . 18
i
CONTENTS Jordi Sobrino Gil
3 Measurements and results 21
3.1 Experimentation Set up:Signal-generation and signal-measuring
equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.3 Measurement Methods . . . . . . . . . . . . . . . . . . . . . . 23
3.3.1 Auto-Spectral Method (ASM) . . . . . . . . . . . . . . 24
3.3.2 Auto-and Cross-Spectral Method (ACSM) . . . . . . . 24
3.3.3 Comparison and method election . . . . . . . . . . . . 25
3.4 Closed-end Measure . . . . . . . . . . . . . . . . . . . . . . . . 26
3.4.1 Experimentation set up: Closed-end measure . . . . . . 26
3.4.2 Measurement procedure . . . . . . . . . . . . . . . . . 26
3.4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.5 Minimum Energy Method (MEM) Measure . . . . . . . . . . . 29
3.5.1 Experimentation set up: MEM . . . . . . . . . . . . . 29
3.5.2 Measurement procedure . . . . . . . . . . . . . . . . . 30
3.5.3 results . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.6 Maximum Absorption Method (MAM) Measure . . . . . . . . 31
3.6.1 Experimentation set up: MAM . . . . . . . . . . . . . 32
3.6.2 Measurement procedure . . . . . . . . . . . . . . . . . 32
3.6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.7 Method Comparison . . . . . . . . . . . . . . . . . . . . . . . 33
4 Conclusion 41
A Enlarged Figures 42
A.1 Theoretical Simulations . . . . . . . . . . . . . . . . . . . . . . 42
A.2 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
B Matlab Scripts 51
B.1 Theoretical Simulation script . . . . . . . . . . . . . . . . . . . 51
B.2 Calibration Script . . . . . . . . . . . . . . . . . . . . . . . . . 53
B.3 Acquisition Script . . . . . . . . . . . . . . . . . . . . . . . . . 54
B.4 Auto-Spectral Method (ASM) and Auto-and Cross-Spectral
Method (ACSM) comparison script . . . . . . . . . . . . . . . 56
B.5 AED calculation by means of ACSM . . . . . . . . . . . . . . 58
ii
List of Acronyms
AED Acoustic Energy Density
ANC Active Noise Control
ASM Auto-Spectral Method
ACSM Auto-and Cross-Spectral Method
BnK Bru¨el and Kjær
CAC Complex Amplitude Coefficient
MAM Maximum Absorption Method
MEM Minimum Energy Method
iii
List of Tables
2.1 Coefficient xn used to obtain cut-on frequencies[8]. . . . . . . . 8
2.2 Theoretical frequencies. . . . . . . . . . . . . . . . . . . . . . . 15
2.3 Complex Amplitude Coefficient (CAC) Values. . . . . . . . . . 18
2.4 Isolation Peaks. . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.1 Closed-end measured AED values at resonant frequencies. . . 29
3.2 Gap values between MEM and MAM of resonant frequencies . 39
3.3 Gap values between MEM and MAM of destructive phase-
adding frequencies . . . . . . . . . . . . . . . . . . . . . . . . 40
iv
List of Figures
2.1 Sections of air in a gas column[8]. . . . . . . . . . . . . . . . . 4
2.2 Element of a column of gas accelerated[8]. . . . . . . . . . . . 5
2.3 Planar wave propagation inside Kundt’s tube. . . . . . . . . . 8
2.4 Multimode propagatoin inside Kundt’s tube. . . . . . . . . . . 8
2.5 Complex Amplitude Coefficient (CAC) . . . . . . . . . . . . . 9
2.6 Active Noise Control example: Tone Cancellation. . . . . . . . 9
2.7 Closed-end Simulation. . . . . . . . . . . . . . . . . . . . . . . 16
2.8 Maximum Absorption and Minimum Energy Methods. . . . . 17
2.9 Detailed Maximum-Absorption and Minimum-Energy Peak at
197.6 Hz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.10 Diference between MAM and MEM. . . . . . . . . . . . . . . 18
2.11 Closed-end, MAM and MEM Simulations. . . . . . . . . . . . 19
2.12 Method Comparison. . . . . . . . . . . . . . . . . . . . . . . . 20
3.1 Generation and measuring set up diagram. . . . . . . . . . . . 22
3.2 Auto-Spectral AED Method. . . . . . . . . . . . . . . . . . . . 24
3.3 Auto-And Cross-Spectral Method for AED calculation. . . . . 25
3.4 ASM and ACSM under white noise testing. . . . . . . . . . . . 26
3.5 Closed-end set up. . . . . . . . . . . . . . . . . . . . . . . . . 27
3.6 Closed-end samples at every 10 Hz processed by means of ACSM. 28
3.7 Peak extraction of the closed-end measure. . . . . . . . . . . . 28
3.8 MEM measure set up. . . . . . . . . . . . . . . . . . . . . . . 29
3.9 AED under MEM conditions. . . . . . . . . . . . . . . . . . . 31
3.10 AED under MEM conditions:Peak extraction. . . . . . . . . . 31
3.11 MAM measure set up. . . . . . . . . . . . . . . . . . . . . . . 32
3.12 AED under MAM conditions. . . . . . . . . . . . . . . . . . . 33
3.13 AEDs under MAM conditions:Peak extraction. . . . . . . . . . 34
3.14 Closed-end, MAM and MEM measurements. . . . . . . . . . . 34
3.15 Subtraction of Closed-end measure values from MEM and MAM 36
3.16 MEM measure validation . . . . . . . . . . . . . . . . . . . . . 37
3.17 MAM measure validation . . . . . . . . . . . . . . . . . . . . . 37
v
LIST OF FIGURES Jordi Sobrino Gil
3.18 MAM and MEM Difference . . . . . . . . . . . . . . . . . . . 38
A.1 Closed-end, MAM and MEM Simulations Enlarged. . . . . . . 43
A.2 Isolation Simulation. . . . . . . . . . . . . . . . . . . . . . . . 45
A.3 Closed-end, MAM and MEM measurements. . . . . . . . . . . 46
A.4 Subtraction of Closed-end measure values from MEM and MAM. 47
A.5 MEM measure validation. . . . . . . . . . . . . . . . . . . . . 48
A.6 MAM measure validation. . . . . . . . . . . . . . . . . . . . . 49
A.7 MAM and MEM Difference . . . . . . . . . . . . . . . . . . . 50
vi
Constants and Variables
ρ0 Density of air 1.18[kg ·m−3]
c Speed of sound 343[m · s−1]
m Mass [Kg]
S Surface [m2]
p Pressure [Pa]
s Stiffness [Kg · s−2]
Ey Young’s Modulus [Kg · (m · s2)−1]
v Particle Velocity [m · s−1]
F Force [N ]
V Volume [m3]
E Energy Density [J ]
r Reflection Coefficient [Dimensionless]
fn Cut-on Frequency [Hz]
V0 Initial Particle Velocity [m · s−1]
k Wavenumber [m−1]
β Complex Amplitude Coefficient (CAC) [Dimensionless]
l Length [m]
d Diameter [m]
vii
Chapter 1
Introduction
1.1 Motivation
Noise is sometimes not taken into account seriously enough. It does not only
affect us in occupational environments, but also in our homes. World’s pop-
ulation has experienced the most notorious growth in the 20th century and
with it the consequent crowding of cities and residential environments. Noise
pollution was fought with only traditional noise control methods in the past,
by means of passive techniques such as sound absorbing and damping materi-
als or vibrating isolators, for example. Active Noise Control (ANC) methods
are applying Leug’s idea of anti-noise generation techniquesBib:hist0.
Active Noise Control (ANC) is a hot topic in acoustics nowadays. It was
first in industrial applications where active noise methods proved their valid-
ity in low frequency, back in the 1950[2]. Commercially viable applications
have occurred much more recently, due to the cost and processing time ben-
efits of digital signal processors. Applications vary in number and type, from
active headsets which allow communication in noisy environments, to stereo
speakers installed in cars which reduce both engine and road generated cabin
noise[4].
However, there are also many applications where ANC methods achieve
little success[5]. Environmental or multiple source noise in very large enclo-
sures or open areas is hard to control, as well as frequencies ranging out from
the usual controllable range of 40 Hz to 400Hz[3]. This thesis deals with
a study of two active noise control methods, in order to minimize acoustic
energy density.
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1.2 Objective and structure of the thesis
The purpose of this thesis is to compare two active noise control methods,
studying the minimization of Acoustic Energy Density (AED) in a wide range
of frequencies.
Summarizing, the main objectives are:
• Study the minimization of Acoustic Energy Density (AED) in an en-
closed space by means of a loudspeaker relationship parameter opti-
mization.
• Study the minimization of AED in an enclosed space maximizing the
absorption of a secondary loudspeaker.
• Compare both results between them and with theoretical simulations.
The thesis starts with an introduction of the fundamentals of sound.
During the chapter, main concepts of sound propagation and sound energy
density are explained and simulated. In chapter number three experimenta-
tion methods and results are exposed. Eventually, in the end of the chapter
conclusions of the results are drawn. A short summary of events is presented
in the conclusions of the thesis, which is located in chapter four, whereas
appendixes and bibliography are in the end. In those appendixes, the scripts
written for the simulations and data-acquisitions are presented as well as
those figures which for their importance require to be enlarged.
2
Chapter 2
Theoretical Background
2.1 The nature of sound
The phenomenon of sound consists of pressure oscillations travelling across
a medium, such fluids, gasses or solids. These oscillations propagate forming
waves and they do so at what it is called speed of sound, which depends on
the medium the propagation passing through. The speed of sound in gasses
at 20o C is approximately 343 m · s−1, whereas in fresh water also at 20oC
the speed of sound is approximately 1,482 m ·s−1, and in steel is about 5.960
m · s−1.
2.1.1 Sound propagation
Sound generation is generally attributed to the vibration of solid objects
which induce vibration into the particles of air[6]. Particulary in gasses,
sound propagation is affected by temperature and it obviously has an atten-
uation with the distance. However, for understanding how it propagates, one
can focus only on the fundamentals and not consider these factors.
Sound needs a medium in order to propagate but this medium needs
to be not only elastic, but also massive. This second property is required
since sound propagation intrinsically consists of local variations of medium’s
density[7]. The way plane waves propagate through a certain part of the
space with these properties, can be modelled as a spring-mass system. If for
instance, a tube is filled with air, the whole volume of it can be divided in
sections, and every section can be modelled as a spring and a mass element,
as shown in figure 2.1. When a sound field is generated at one end, there is
just one possible direction of propagation[8].
3
Theoretical Background Jordi Sobrino Gil
Figure 2.1: Sections of air in a gas column[8].
Jumping to the mechanical simile, the sound field would be a force. An
initial impulse force applied to the system from left to right, would compress
the first spring, pushing the next mass towards right. At the same time,
the spring and the mass behind it would stop the first of moving ahead.
Furthermore, since the masses have inertia, the second mass does not react
at the same time as the force was applied, but with a certain delay. Therefore,
and because of the inertia, the second mass would start moving gradually.
At this point two observations should be done:
1. The translation process pushing the masses gradually towards right
would be repeated for the following masses, compressing the springs
one by one, and altogether, translating the alteration with a finite
velocity. This velocity is what it is called the speed of sound, c and has
been named at the beginning of the chapter.
2. A second phenomenon occurs when a mass of the chain is pushed to-
wards right. The preceding spring is being actually stretched, thus
stopping the mass of going further, pulling towards the opposite direc-
tion. Then, the mass follows a harmonic oscillator’s movement around
an equilibrium point. This oscillation movement gives the masses an-
other velocity, which is called particle velocity v and it is the velocity
with which gas particles vibrate when a sound field excites them.
Figure 2.2 shows an element of a column of gas being accelerated by elastic
forces.The mass of it, is
m = Sρ0∆x (2.1)
where S is the surface of the transversal section, ρ0 is the density of the air,
and ∆x the longitude of the longitudinal section. The stiffness of the volume
of gas is defined as
s =
Ey · S
∆x
(2.2)
where Ey is the Young’s Modulus or the Elasticity Modulus and it is an inner
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Figure 2.2: Element of a column of gas accelerated[8].
property of the material which define its elasticity.
Ey = ρ0c
2 (2.3)
To sum up, when a sound field is applied to a volume of gas, it induces the
movement of the following volumes of gas, translating the alteration at a con-
stant and finite speed, c. However, gas particles do not move forward, they
are excited and start oscillating at a certain frequency following an oscillation
movement around the equilibrium point, muﬄed by the around particles of
the inner medium.
2.2 Energy propagation and energy density
As seen in the section before, sound propagation is basically pressure waves
propagating along a medium. This implies that the air molecule are sub-
jected to local vibrations around the equilibrium point, thus meaning that
the gas particles momentarily store local energy before the next particle
starts vibrating due to propagation.[8] One can model the particle vibration
movement by means of a spring-mass system, whose springs store potential
energy, and whose masses have kinetic energy due to their motion. A mass
m moving at a velocity v, has a kinetic energy of
Ekin =
1
2
m|v|2 (2.4)
A spring with a stiffness s compressed by a force F has a potential energy of
Epot =
1
2
|F |2
s
(2.5)
Using the gas density ρ0, one can easily get the Kinetic energy of a gas-
volume’s element
Ekin =
1
2
ρ0|v|2∆V (2.6)
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Applying now the same idea at the potential energy equation, considering
that F = pS, where p is pressure, and s = EyS/∆x = ρ0c
2∆x and taking
into account equations 2.2 and 2.3
Epot =
1
2
|p|2S2∆x/(ρ0c2S) = 1
2
|p|2∆V
ρ0c2
(2.7)
Therefore, the total amount of energy that a gas-volume element, excited by
a sound pressure wave has, is
E∆V =
1
2
{ |p2|
ρ0c2
+ ρ0|v|2
}
∆V (2.8)
Since this expression may differ widely, depending on the amount of par-
ticles that are excited, hence the volume, it is more common to work with
the energy density, which gives a energy value per unit of volume.
E=
1
2
{ |p|2
ρ0c2
+ ρ0|v|2
}
(2.9)
The total amount of energy stored in a volume of gas V is therefore
EV = E · V (2.10)
It is important to say, for a better understanding, that the energy of a
gas has a wave behavior, just as the pressure or the particle velocity[8]. If
there is a progressive wave being propagated
p = f(t− x/c) and p(x, t)
v(x, t)
= ρ0c
then the energy results to be
E(x, t) =
p2
ρ0c2
=
1
ρ0c2
f 2(t− x/c) (2.11)
The energy is propagating with the sound field, and like this one, it has a
wave behavior[8].
2.3 Kundt’s tube
The tube of kundt is an apparatus very used in experimentation, mainly
because it is easy to control and generate all the sound factors in the inside.
Such experiments are performed in a rigid tube with circular or squared
section, where the sound waves are driven along the axial direction.
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2.3.1 Sound propagation inside Kundt’s tube
The common set up is to place a speaker on one side of the tube connected to
a signal or noise generator, and close the other side with a sample of what is
willing to study. The sound field inside can be divided in two, the progressive
incoming wave produced by the loudspeaker, and the one reflected by the
closed-end’s surface.
p = p0
{
e−jkx + rejkx
}
(2.12)
where r is the reflection coefficient,p−/p+ defined as the relation between the
reflected pressure and the incoming pressure.
p+ = p0e
−jkx p− = p0rejkx r = Rejϕ
Splitting the incoming wave in two parts, one completely reflected and the
second one its difference
p+ = p0re
−jkx + p0(1− r)e−jkx
The total field is composed by a stationary wave and a progressive wave
p = p0r(e
−jkx + ejkx) + p0(1− r)e−jkx = 2p0rcos(kx)︸ ︷︷ ︸
stationary
+ p0(1− r)e−jkx︸ ︷︷ ︸
progressive
The stationary or standing waves remain in a constant position, meaning
the the maximums and minimums of pressure are spread along the tube in
the same position. The fact of having reflection in the inside and therefore a
standing wave, leads to a dependency of RMS-measured values with position.
In case of prefect reflection
r = 1 ⇒ p˜2 = p20cos2(kx) (2.13)
2.3.2 Plane waves
In order to ensure that only plane waves are propagated along the tube and
no other mode is being excited, it must be ensured that one works under
the frequency of cut-on. Above the cut-on frequency, vertical modes are also
excited thus letting particle velocity and pressure propagate in more than
just one direction. From Mser (2005), cut-on frequency in a circular tube
can be obtained as
fn = xn
c
2pia
(2.14)
with n = 1, its corresponding coefficient xn shown in table 2.1, and a as
the radius of the tube[8]. Whenever under this frequency, one can assure that
7
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n 1 2 3 4 5
Xn 1.841 3.054 3.832 4.201 5.331
Table 2.1: Coefficient xn used to obtain cut-on frequencies[8].
only planar waves are being guided inside of it. Figure 2.3 shows a drawing
of how pressure waves would propagate being the intense-coloured vertical
lines, the highest pressure fronts, and the whitened ones their opposite. An
example of multimode propagation is shown in figure 2.4 which shows how,
working within the corresponding frequencies between n = 1 and n = 2,
next mode would also be excited and instead of planar waves, pressure waves
would have a different horizontal distribution.
Figure 2.3: Planar wave propagation inside Kundt’s tube.
Figure 2.4: Multimode propagatoin inside Kundt’s tube.
2.3.3 Complex Amplitude Coefficient (CAC), β
When a tonal sound wave propagates along a tube produced by a loud-
speaker, air vibrates with a certain velocity. Such vibrations are induced
by the mechanical movement of loudspeaker, which has a certain velocity,
v1. If a second speaker is placed at the other end of the tube, generating
another sound wave at the same frequency, this second speaker follows an-
other movement with its corresponding velocity, v2. The relation between
the velocities of movement of both loudspeakers is called Complex Ampli-
tude Coefficient (CAC) and it is represented with the Greek letter β.
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β =
v2
v1
v2 = βv1 (2.15)
The coefficient is complex since the velocity of the two sources can differ not
Figure 2.5: Complex Amplitude Coefficient (CAC)
only in amplitude, but also in phase.
2.4 Noise control
Noise control is a passive or active means of reducing sound emissions. On
one hand, passive methods consist of applying materials to absorb, isolate
or insulate. Damping materials can also be used in order to prevents trans-
mission of vibration energy from a source to a receiver. On the other hand,
Active Noise Control (ANC) is also known as noise cancellation, active noise
reduction or antinoise, and differs from passive methods in that a powered
system is involved. An example of ANC method would be a system generat-
ing an inverted phase sound to an original, so as to have phase cancellation.
An example of it is shown in figure 2.6 where in this case and linking with
the parameter seen in the preceding section, CAC would have the value of
β = ejpi .
Figure 2.6: Active Noise Control example: Tone Cancellation.
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2.4.1 Energy density calculation
Having a set up like described in section 2.3.1, we define V0 as the initial
velocity with which the system of gas is excited at x = 0. At the end of the
tube, they will have a velocity of βV0 as shown in the figure 2.5.
Considering reflection at the end of the tube, the pressure equation can be
expressed as
p = ρcV0
{
Ae−jkx +Bejkx
}
(2.16)
where there is a travelling wave in the positive direction with a complex
factor of amplitude and phase in it Ae−jkx produced by the speaker, and a
travelling wave in the negative direction with another complex factor which
represents reflection Bejkx. One can obtain the particle velocity applying the
next formula to equation 2.16
vx =
j
ρω
dp
dx
obtaining
v = V0
{
Ae−jkx −Bejkx
}
(2.17)
As seen in section 2.3.3, velocity at the ends of the tube is first V0 at x = 0
and βV0 at x = l. Applying boundary conditions to equation 2.17 at x = 0
V0 = V0(A−B)
A−B = 1 (2.18)
and at x = l
β = Ae−jkl −Bejkl (2.19)
To solve the system, equation 2.18 is multiplied by −e−jkl and by −ejkl, and
added respectively to equation 2.19 in order to find the coefficients B and A.
Then, B and A result
B = − β − e
−jkl
ejkl − e−jkl (2.20)
A = − β − e
jkl
ejkl − e−jkl (2.21)
Replacing such values into equations 2.16 and 2.17 the following result for
pressure and particle velocity is obtained
p =
ρcV0
ejkl − e−jkl
{
(ejkl − β)e−jkx + (e−jkl − β)ejkx
}
(2.22)
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v =
V0
ejkl − e−jkl
{
(ejkl − β)e−jkx + (e−jkl − β)ejkx
}
(2.23)
and working on the exponential functions bearing in mind that cos(t) =
(et + e−t)/2 and sin(t) = (et − e−t)/2j, the pressure and velocity inside the
tube are:
p =
jρcV0
sin kl
{
β cos kx− cos k(x− l)
}
(2.24)
v =
V0
sin kl
{
β sin kx− sin k(x− l)
}
(2.25)
Eventually, replacing in equation 2.9,
E = Ek + Epot =
1
2
ρ|v|2 + 1
2
1
ρc2
|p|2
and one achieves the energy density expression in terms of CAC:
E =
ρV 20
2 sin2 kl
∣∣∣β sin kx− sin k(x− l)∣∣∣2 + ρV 20
2 sin2 kl
∣∣∣β cos kx− cos k(x− l)∣∣∣2
Developing both squared expressions of potential and kinetic energies mul-
tiplying them by their conjugate, and taking into account that cos(a− b) =
cos a cos b+ sin a sin b and also that β = βr + jβi
E =
ρV 20
2 sin2 kl
{
β2r + β
2
i − 2βr cos kl + 1
}
(2.26)
2.4.2 Active method: Minimum Energy Method (MEM)
Minimum energy methods are not always those which produce the anti-phase
phenomena. One can try to minimize the average acoustic-energy density
inside the tube, by means of optimizing the amplitude complex coefficient
seen in section 2.3.3. Therefore, from equation 2.26, optimal β is achieved
by
∂Etot(β)
∂βi
= 0 ⇔ (2βi, 2βr − 2 cos kl) = (0, 0)
βio = 0 βro = cos kl (2.27)
In conclusion, one can minimize the average acoustic energy density forcing
the Complex Amplitude Coefficient (CAC) to be optimal. A secondary loud-
speaker is used in order to achieve such value of velocity at the end of the
11
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tube.
Replacing βio and βro values in equation 2.26 ,the value of the average
acoustic energy density inside the tube is
Etotactive =
ρV 20
2 sin2 kl
{
cos2 kl − 2 cos2 kl + 1
}
=
=
ρV 20
2 sin2 kl
(
1− cos2 kl
)
=
1
2
ρV 20 (2.28)
Etotactive =
1
2
ρV 20
2.4.3 Active method: Maximum Absorption Method
(MAM)
If an absorption method is used at the end of the tube, it is mandatory to
re-define the equations of pressure and velocity that reign the interior of it.
Such necessity comes from the fact that there is no reflected sound wave
inside, and therefore it has no sense to consider a reflected wave reigned by
Bejkl. The sound field consists of progressives sound waves incoming from
the speaker with a constant effective value.
If a loudspeaker is generating a tone inside a tube ended with maximum
absorption, no sound wave is reflected. Therefore, the pressure field inside the
tube can be described as a travelling wave in the positive direction multiplied
by a complex factor of amplitude and de-phase.
p = ρcV0Ae
−jkx (2.29)
Velocity is obtained by means of equation 2.4.1
v = V0Ae
−jkx (2.30)
Applying boundary conditions at x = 0
V0 = V0A ⇒ A = 1
Then, using the general energy density equation (2.9)
Etotpassive =
1
2
{
ρV 20 +
1
ρc2
ρ2c2V 20
}
= ρV 20 (2.31)
Etotpassive = ρV
2
0
12
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It is a must to say that, under absorption conditions, the CAC is ejkl since
losses during the propagation along the tube can be ignored. Therefore, at
the end of the tube there is just the same wave as the one generated, except
for a phase shift represented by a the CAC. It is also mandatory to mention
that no stationary waves take place inside, since there is no energy reflected.
It is as if we had an infinite tube, and all the waves were propagating along it.
One can now see, that the average acoustic energy density with the Min-
imum Energy Method (MEM) gives -3 dBJ ·m−3 less than using maximum
absorption conditions as with the Maximum Absorption Method (MAM).
The purpose of this thesis, as stated in section 1.2 is to prove by means of
practical experimentation, such mathematic development
2.5 Theoretical simulations
Simulation is an experimental technique for exploring the behavior of mod-
eled systems. A model is always an abstraction of the reality, a simplification,
applied in order to manage complexity [9]. They are useful for giving a close
view of reality, and checking the validity of experimental results. Hence, it is
now mandatory to explain in detail how the experimentation set up is made,
and how it is modeled.
2.5.1 Experimentation set-up modelling
A cylindrical tube is built. On one end a loudspeaker connected to a sig-
nal generator is placed, which generates pure tones ranging from 100Hz to
1000Hz. That is the generation system, and it is common for all the simula-
tions and measures. On the other end of the tube, three possible situations
are studied, depending on different endings.
• Closed-end Tube: A total reflection surface is placed at the end of
the tube, reflecting all the acoustic energy, thus generating stationary
waves inside of it. It is useful to know at what frequencies constructive
phase adding is going to happen. To know the raw properties of the
tube beforehand is useful to isolate tube’s effects on the following mea-
sures. At the end of the tube there are no particles excited, Vx(l) = 0.
Therefore, the CAC is:
– β = 0
13
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• Minimum Energy Method :The noise control method is simulated. As
seen in section 2.4.2 if the CAC is forced to be the optimal, we are
supposed to have a minimum average acoustic energy inside the tube.
Thus,
– β = cos kl
• Maximum Absorption Method : The second active method is absorbing
all the incoming acoustic energy at the end of the tube. Once again,
this method is supposed to give an average acoustic energy 3 dB higher
than the MEM. The CAC is, as explained in section 2.4.3 just a phase-
shift
– β = e−jkl
The equation which defines the average acoustic energy density inside the
tube is 2.9
E=
1
2
{ |p|2
ρ0c2
+ ρ0|v|2
}
Pressure and velocity are as explained in equations 2.24 and 2.25
p =
jρcV0
sin kl
{
β cos kx− cos k(x− l)
}
v =
V0
sin kl
{
β sin kx− sin k(x− l)
}
The values of the constants and variables are modeled as follows:
• ρ(density of air): 1.18Kg ·m−3
• c(speed of sound): 343m · s−1
• V0(initial velocity): It is hard to know the value of this variable since
it may depend on many aspects, like the type of loudspeaker, the ef-
fective voltage with which it is supplied, the frequency response of it
. . . It is given a value of 1 m · s−1. Due to that fact, it is of no direct
interest, the simulations of the average acoustic energy density, but
the difference between both active methods, and the closed-end tube
measure. Thus, the effect of the unknown movement of the membrane
of the loudspeaker which gives the gas particles the initial velocity, is
eliminated.
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• k(wavenumber): Defined by the frequency in which the system is work-
ing, its value is 2pif · c−1. It is modeled by a vector of 44.100 positions
starting with the corresponding wavenumber of 100Hz, and ranging to
the top frequency of 1000Hz
• l(length of the tube): 1.736m
• d(diameter of the tube): 0.075m
• Fs(sample frequency): 44.100Hz with which data will be acquired at
the time of measuring. It is important and also more precise to have the
same length of vectors in both cases, in simulation and experimentation,
since the average energy density depends on the number of points.
The simulation tool chosen is Matlab for its versatility and simplicity at
the time of working with matrices. The script of all three simulations is
presented in appendix B.1 in page 51.
2.5.2 Closed-end simulation
Since the initial velocity is unknown, levels of acoustic energy density are un-
realistic. However, it is only a factor that would scale the graphs in a different
way. Therefore, peaks are placed in the same position, and relative differ-
ences are maintained the same. The next figure is the result of simulating the
closed-end situation under its own Complex Amplitude Coefficient (CAC) re-
striction of β = 0.
Analysing the closed-end tube simulation, one can see that it has maxi-
mum peaks at what are supposed to be the inner resonant frequencies of the
tube. They are presented in the following table.
Frequency (Hz) 98.8 296.4 494 691.5 889.1
Table 2.2: Theoretical frequencies.
This peaks are caused by the null denominator at the energy density
equation 2.9 characterized with both pressure and velocity under closed-end
tube conditions, i.e. β = 0
Eclosed−end =
ρV 20
2 sin2 kl
{
cos2 k(x− l) + sin2 k(x− l)
}
=
ρV 2o
2 sin2 kl
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Figure 2.7: Closed-end Simulation.
Therefore, Eclosed−end is maximum when
sin(kl) = 0⇒ kl = (2n+ 1)pi with n = 1, 2, 3 . . . (2.32)
One can see that npi are also solutions of such equation. However, pair
solutions do not make a maximum since the simulation makes an average on
pressure and velocity all inside the tube for every frequency, and then the
energy density is calculated. At pair numbers of n, the average is 0 and a
indetermination of 0/0 causes such discontinuities1.
2.5.3 Minimum Energy Method and Maximum Ab-
sorption Method’s simulations
The Minimum Energy Method simulation and the Maximum Absorption
simulation are presented together since the only difference between them is
the 3dBJ ·m−3 demonstrated in section 2.4.1. Applying the MEM criterium,
β = coskl, and the MAM with the CAC as a de-phase, β = e−jkl, the result
is shown in figure 2.82.
Even in the minimum peaks where the difference sticks to the approximate
3dB, methods have a constant level of −99.02dBJ · m−3 in the Maximum
Absorption case, and −102dBJ · m−3 in the Minimum Energy one. First
1See appendix B.1 in page 51 for consulting the Matlab script
2See appendix B.1 in page 51 for consulting the Matlab script
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Figure 2.8: Maximum Absorption and Minimum Energy Methods.
peak at 197.6Hz is shown in figure 2.9.
Figure 2.9: Detailed Maximum-Absorption and Minimum-Energy Peak at 197.6
Hz.
Nevertheless, the same discontinuities seen in the closed-end simulation’s
figure 2.7, make the difference value vary in the slightest way. In figure 2.10
one can see the difference between the energy density obtained with both
17
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methods, and its little variation. The density of points during the simulation
in the frequency axis is of 44.1 points per Hz. Variations are so narrow,
that discontinuities make irregular values of energy density within the same
frequency, but different point of the x axis. Such irregular values differ in an
order of 10−5dBJ ·m−3, for it can be ignored without a significant error.
Figure 2.10: Diference between MAM and MEM.
2.5.4 Methods Comparison
Even though energy density levels are not realistic, the three simulations
are shown in figure 2.11 in order to give a general view of every situation,
with the diverse values of the CAC, shown in table 2.33. It is important to
remember once again, that a specific scale factor should be applied to the
graphics, since particle velocity is unknown, and has been supposed 1m ·s−1.
However, as it has been said, the factor would only scale the amplitudes of
the peaks. Extrema and relative positions would maintain constant.
Method Closed-end Minimum Energy Maximum Absorption
β β = 0 β = cos kl β = e−jkl
Table 2.3: Complex Amplitude Coefficient (CAC) Values.
3See Appendix A.1 in page A.1 for an enlarged view
18
Theoretical Background Jordi Sobrino Gil
Figure 2.11: Closed-end, MAM and MEM Simulations.
In order to eliminate the influence of the speaker, and the unknown par-
ticle velocity, closed-end simulation’s values are subtracted from both active
methods, thus leading to true and comparable values that can be taken into
account. In figure 2.12 are shown such values, and once again, both methods
differing 3dB as one could expect based on the theoretical development4.
Due tot the subtracting of the closed-end graph which had maximum
peaks at odd numbers of n at equation 2.32, from both maximum absorption
and minimum energy methods, which had minimum peaks at even values of
n, the result is a graph with minimum peaks at both even and odd values of
n. The frequencies where extrema are located, are specified in table 2.4.
Frequency (Hz) 98.9 197.6 296.4 395.2 494
n 1 2 3 4 5
Frequency (Hz) 592.7 691.5 790.3 889.1 987.9
n 6 7 8 9 10
Table 2.4: Isolation Peaks.
Even though the difference between both methods give dimensionless val-
ues at the y axis, they can be understood as the levels both methods would
add to a certain signal inside the tube if any acoustic signal was introduced
inside of it.
4See appendix A.2 in page 45 for consulting the Matlab script19
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Figure 2.12: Method Comparison.
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Chapter 3
Measurements and results
In order to compare both active methods, three measurements need to be
done.
1. Closed-end tube: So as to know the transfer function of the tube and
the loudspeaker at each frequency. Its details are found in section 3.4.
2. Minimum Energy Method: A secondary loudspeaker is used at the other
end of the tube in order to assure that minimum-energy conditions seen
in section 2.4.2 are generated. It is explained in section 3.5.
3. Maximum Absorption Method: Maximum-Absorption conditions are
assured at the end of the tube by means of an adaptive filter which
eliminate the reflected wave thus leaving inside the tube only travelling
waves in the positive direction. Its details are specified in section 3.6.
3.1 Experimentation Set up:Signal-generation
and signal-measuring equipment
Both the generation equipment which produce the excitation signal, and
the measuring equipment which acquires pressure level’s data, are common
for the three different measures. As seen in figure 3.1, on one hand the
generation equipment consists of a function generator Voltcraft FG708S, a
common power stage and loudspeaker. The loudspeaker is placed at the first
end of the tube, where only pure tones will be propagated.
On the other hand, the measuring equipment consists of two condenser
microphones Bru¨el and Kjær (BnK) type 4181 connected to a preamplifier
BnK type 2668, and two measuring amplifiers also BnK type 2610 at recep-
tion stage. A condenser microphone must be combined with a preamplifier
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to provide impedance conversion, some filtering, and the capability to drive
relatively long cables without significant signal degradation[10]. A cylindric
Figure 3.1: Generation and measuring set up diagram.
tube was built to perform the three measures, as well as both loudspeaker
boxes. The dimensions of the tube are 1.736 m long and 0.075 m of diameter.
It has 2 wholes in the middle of it, distanced 0.05 m, in order to place the
microphones, as explained in section 3.3. The cut-on frequency according to
equation 2.14 is,
fn = xn
c
2h
= 0.59
343
0.075
= 2698.26[Hz]
3.2 Calibration
The microphones and the entire measurement chain are calibrated at regular
intervals. The calibration provides traceability and proven accuracy to the
system. Therefore, before a measure is taken, a calibration procedure is
done1.
1. By means of a calibrator like a BnK type 4231 with an output of 94 dB
SPL2 at 1 KHz is used to adjust the measuring amplifiers at precisely
94 dB SPL with the calibration knob.
1Script in Annex B.2 in page 53
294 dBSPL is equivalent to 1 Pa
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2. Using the acquisition card and therefore the whole measuring chain,
five samples of one second are taken in order to calculate the effective
voltage value at 94 dB SPL that the computer is reading. The sampling
frequency is 44.100 KHz.
3. The mean of every sample is taken away in order to eliminate a possible
bias. Then the root mean value of each sample is calculated by means
of the equation
Vrms =
√√√√ 1
N
N∑
i=1
x2i =
√
x21 + x
2
” + · · ·+ x2N
N
Eventually, a total Vrms is calculated as the average of the five samples.
4. On every measure taken afterwards, a calibration coefficient is applied
to the data, obtained with the following conversion factor
pcalib =
Vrmsmeas
Vrms94dB
· 1
Vrms94dB
[Pa]
where the first dimensionless factor escalates the values of the data whereas
the second factor gives the unit conversion. The calibration of microphones
was done at 94 dB, and afterwards checked at 104 dB and 114 dB with
positive results.
3.3 Measurement Methods
There are several methods and configurations to measure acoustic pres-
sure. The method chosen for the study of this Thesis’s concern is the two-
microphone method, for it is not relatively complicated. It is mainly used in
the determination of acoustic absorption and other related acoustic proper-
ties. The two-microphone technique uses a tube with a sound source at one
end and the sample placed at the other. A broadband signal is applied to the
sound source and the transfer function between two microphones, specially
calibrated to minimize amplitude and phase errors between the channels, is
measured. Provided only plane waves propagate in the tube past the micro-
phones, the analytical transfer function between the two stations allows the
decomposition of the field into forward and backward travelling waves[11].
Nevertheless, it is energy density what it is willing to be studied. By means
of frequency domain methods, an Acoustic Energy Density (AED) expressed
in the frequency domain is obtained, by adding the weighted sum of the
auto-spectral densities of both pressure and particle velocity.
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3.3.1 Auto-Spectral Method (ASM)
This method calculates the time-average AED estimate as the weighted sum
of the auto-spectral densities of pressure and particle velocity[12]
Figure 3.2: Auto-Spectral AED Method.
The instant energy density is needed in order to calculate the estimation:
ED(t) =
[p1(t) + p2(t)]
2
8ρc2
+
∫ t
−∞[p1(τ)− p2(τ)dτ ]2
8ρh2
where eventually
ED = k(Gpp +Gvv) with k =
1
2ρc2
3.3.2 Auto-and Cross-Spectral Method (ACSM)
The second method also calculates the time-average AED estimate, but us-
ing the derived expression in terms of the auto-and cross-spectral densities
weighted sum of the two pressure readings.[12]
In these second case, the expression of the energy density corresponds
the single-sided time-averaged AED spectral density estimate expression, in
terms of single-sided sprectral densities. [12]
ED1−sided(w) ≈
( 1
8ρc2
+
1
8ρω2h2
)
(Gp1p1(w) +Gp2p2(w))
+
( 1
8ρc2
− 1
8ρω2h2
)
(2Re[Gp1p2 ])
where
Gxy(w) = 2Sxy(w) = lim
T→∞
2
T
E[XH(w, T )Y (w, T )]
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Figure 3.3: Auto-And Cross-Spectral Method for AED calculation.
3.3.3 Comparison and method election
Both methods were tested in the tube, in order to decide which one was opti-
mum for the paper’s purposes. A white-noise signal generator was connected
to the loudspeaker. At the other end a reflecting surface was placed, and fre-
quency range was from 0 Hz to 1 KHz. Due to the randomness of the signal,
several samples3 were taken so as to be able to minimize the effects of bias
and variance. Both methods were applied to each sample and eventually,
an average was made on every auto-spectral and cross-spectral densities4.
Figure 3.4 shows how both methods coincide from barely frequency 0 Hz.
The cause of the poorly adjustment at the lowest frequencies is that, on one
hand both ASM and ACSM have few samples to make the average. On
the other hand, the distance between microphones5 is too small to detect
variations in pressure waves at low frequencies, with long wavelengths. One
should think that the corresponding wavelength of a 10 Hz frequency is 34
meters, approximately. However, above 100 Hz, the difference between both
is smaller than 0.02dB and decreases steadily. As a conclusion, and concern-
ing to speed processing terms, ACSM is more efficient, not only because it
processes data about 10 times faster, but also because spectrum analyzers
generally calculate single-sided spectra.[12]
3Ten samples, each of one second
4Script in Annex B.4 in page 56
50.05 m
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Figure 3.4: ASM and ACSM under white noise testing.
3.4 Closed-end Measure
The main purpose of this measure is to know the frequency response of the
whole system: The frequency response of the loudspeaker, and the resonant
frequencies of the tube. Thus, the closed-end measure is useful to eliminate
the influence of the loudspeaker in the forthcoming ones, that is to say with
the MEM measure and MAM measure.
3.4.1 Experimentation set up: Closed-end measure
For the closed-end measure barely no changes are needed in the montage,
regarding the set-up shown in figure 3.1. The second end of the tube is
blocked with a reflecting surface, seen in figure 3.5.
3.4.2 Measurement procedure
The measuring procedure was as follows
1. A constant level of power was selected for the three measures. Two
requirements needed to be satisfied along the frequency sweep: the
amount of power assured an acoustic pressure of 10 dB higher than the
background-noise pressure level, but without saturating the measuring
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Figure 3.5: Closed-end set up.
system. The voltage applied at the main loudspeaker from that point
on, V1 was constant.
2. Starting from 100 Hz, a frequency sweep was done every 10 Hz up to
1000 Hz.
3. At every frequency step, five samples of one second were taken and
stored6.
3.4.3 Results
Data was analysed by means of the Auto-and Cross-Spectral Method (ACSM)
and put altogether into the same graph, as shown in figure 3.6. Only the
peak of every sample has true information of energy density values, due to
the fact that only pure tones where generated. Ideally, one should see Dirac’s
Delta functions every 10 Hz. Instead, these noisy tongues appear with no
further consequences. Figure 3.7 shows the extraction of peak values without
the influence of any other frequency component.
6Matlab script in Annex B.3, page 54
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Figure 3.6: Closed-end samples at every 10 Hz processed by means of ACSM.
Eventually, peak values corresponding to the resonant frequencies are pre-
sented in table 3.1. This peaks are caused by the standing wave explained in
section 2.3.1.
Figure 3.7: Peak extraction of the closed-end measure.
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Freq 210 300 400 490 590 680 780 880 980
Value -10.86 -21.13 -18.02 -23.41 -26.18 -33.72 -37.03 -38.6 -41.21
Table 3.1: Closed-end measured AED values at resonant frequencies.
3.5 Minimum Energy Method (MEM) Mea-
sure
MEM is the Active Noise Control (ANC) method. According to the theo-
retical development in section 2.4.2, MEM proves to be 3dB more effective
than the MAM.
3.5.1 Experimentation set up: MEM
The set-up changed from the closed-end one due to the necessity of controlling
particle velocity at the other end of the tube. In order to assure the minimum
energy condition seen in section 2.4.2, a multimeter and a phase shifter were
used in order to have the optimal Complex Amplitude Coefficient (CAC) at
the other end. The set-up is shown in figure 3.8.
Figure 3.8: MEM measure set up.
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3.5.2 Measurement procedure
The method’s measuring procedure was similar as in the closed-end simula-
tion, except for the generation of the secondary wave. In order to assure the
optimal Complex Amplitude Coefficient (CAC) value, when the main loud-
speaker generated a sound wave with an amplitude V1 at the beginning of the
tube, at the other end another sound wave with an amplitude of cos kl times
V1 was forced to propagate, being generated by the second loudspeaker. By
means of a multimeter, voltage amplitude of the second wave was escalated,
and it was reduced | cos kl| times. By means of the phase shifter, the phase
was inverted or not, depending on the sign of the escalation factor. So as to
clear the procedure, a description following the steps done, is exposed:
1. The same constant level was applied at the generation system, V1.
2. The multimeter was then connected at the secondary loudspeaker to es-
calate each secondary wave’s amplitude according to the optimal CAC
value.
3. A phase shifter was connected between the main and the secondary
loudspeaker, in order to vary the second’s wave phase.
4. Starting from 100 Hz, a frequency sweep was done every 10 Hz up
to 1000 Hz, and at every frequency amplitude and phase of the wave
generated by the secondary loudspeaker were adjusted under minimum-
energy conditions.
5. At every frequency step, five samples of one second were taken and
stored7.
3.5.3 results
Data was analyzed and put together as in the closed-end measure. Figure
3.9 shows the set of samples putted together, and figure 3.10 shows the peak
extraction out of them.
7Matlab script in Annex B.3, page 54
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Figure 3.9: AED under MEM conditions.
Figure 3.10: AED under MEM conditions:Peak extraction.
3.6 Maximum Absorption Method (MAM)
Measure
Full-absorbing surfaces difficultly achieve the required absorption grade needed
for experimental conditions. However, by means of another active method,
one can emulate an ideal passive method of almost prefect absorption in a
wide range of frequencies. A secondary loudspeaker is also used at the re-
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ceiving end of the tube in order to generate a wave, cancelling any reflected
wave from the incoming one. Thus, all the acoustic field inside the tube will
be the one propagating from the main loudspeaker, and only propagating
waves will exist.
3.6.1 Experimentation set up: MAM
Figure 3.11 shows the montage of the set.
Figure 3.11: MAM measure set up.
3.6.2 Measurement procedure
In order to generate the cancelling wave, an adaptative filter is used. A second
computer calculates an estimation of the reflected wave from a minimizing
error approach. As made in the sections before, a description numbering the
steps done, is exposed below:
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1. The same constant level was applied at the generation system, V1.
2. The coefficients of the filter were generated
3. Absorption coefficient was checked. It ranged between [0.99, 1]
4. Starting from 100 Hz, a frequency sweep was done every 25 Hz up to
1000 Hz.
5. At every frequency step, five samples of one second were taken and
stored8.
3.6.3 Results
Graphs 3.12 and 3.13 show the complete spectra of frequencies analyzed and
the peak extraction.
Figure 3.12: AED under MAM conditions.
3.7 Method Comparison
According to the theory developed in the past sections, the Maximum Ab-
sorption Method (MAM) is less efficient than the Minimum Energy Method
8Matlab script in Annex B.3, page 54
33
Measurements and results Jordi Sobrino Gil
Figure 3.13: AEDs under MAM conditions:Peak extraction.
(MEM). In figure 3.14 both methods are presented together, along with the
closed-end measure9.
Figure 3.14: Closed-end, MAM and MEM measurements.
At first glance one can see that the MEM oscillates around the decreasing
line of the the maximum absorption one. However, it is in the peaks of
the tube’s resonances where Acoustic Energy Density (AED) is higher and
9See Appendix A.3 in page 46
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therefore more interesting that both methods have low levels. At these point
it is interesting to focus on both maximum peaks of resonant frequencies,
and minimum levels of AED, depicted by closed-end maximum and minimum
extrema, respectively.
• Focusing on the maximum extrema, one can see that the active method
has a better behavior in minimizing the energy density in all those fre-
quencies than the emulated passive one. MAM gives a lower average
level of energy density in all the frequency span whereas MEM gives
significant low levels, specially at alternated resonant extrema. Table
3.2 in page 39 shows the values at maximum resonant frequencies of
both methods and the difference in dB’s between them. The difference
between the values of both methods can be seen in figure 3.18.
• At low AED levels, the minimum-energy method’s powering system is
introducing more noise than the tube itself generates. This is due to the
fact that MEM is a method conceived for minimizing the average AED
through all frequencies, and at those specific frequencies at which the
inner response of the system is low, the MEM is more inefficient since
it introduces more noise than there already is. On the other hand, the
levels of free field propagation that give the MAM are also higher than
the destructive adding that take place at such points in the closed-end
measure. Table 3.3 in page 40shows the values of both methods and the
difference between them at minimum energy density level frequencies.
A possible comparison between figure 3.14 and its corresponding figure in
the theoretical simulation (Fig.2.11 on page 19) is hard to establish since the
theoretical simulation is neither subjected to the conditions of propagation,
nor loudspeaker’s frequency response. However, one can see that shapes of
graphs and relative positions of them are not so different.
In graph 3.14 values of energy density are real, but still depend on the fre-
quency response of the loudspeaker. In order to eliminate such dependence,
closed-end measured values are subtracted to the MEM and MAM measures
as done in section 2.5.4. Result is shown in figure 3.15, and one can see what
has been stated above10. The peaks where the resonant frequencies are 11,
MEM has a better behavior. One should also notice that for low frequen-
10See Appendix A.4 in page 47
11see table 3.2 on page 39
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cies MEM active method works better, while MAM has a better behavior
approaching to 1 KHz.
Figure 3.15: Subtraction of Closed-end measure values from MEM and MAM
In order to validate the measurements, both graphs are compared to their
theoretical simulations in figures 3.1612 and 3.1713, so as to see their simi-
larities. In the minimum energy graph, one can see how the disadjustment
between the two lines grows. These elevated values of difference are caused
by the minimum pressure levels of stationary waves. In the absorption case
these differences are not so strong, since the method is not affected to such
waves.
Eventually, the difference between both methods is presented in figure
3.1814. The theoretical difference of 3 dB’s is affected by the impreciseness
of practice procedures, being the Minimum Energy Method (MEM) specially
difficult.
To sum up, the measures prove that the MEM is more effective at elimi-
nating stationary waves, especially at low frequencies. It is clear that elim-
inating just one frequency is easier and much more effective with an anti-
phase wave generation. However, when covering a whole bandwidth it is not
so effective and practical. Above the third or forth harmonic both meth-
ods become practically equivalent at high-level resonant frequencies, being
absorption more effective in average. If a suitable material is found for the
12See Appendix A.5 in page 48
13See Appendix A.6 in page 49
14See Appendix A.7 in page 50
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Figure 3.16: MEM measure validation
Figure 3.17: MAM measure validation
high range of frequencies, the active method could be replaced by a pas-
sive one, with the consequently efficiency improvement, since it would not
involve any powering system. By any means, using absorption implies that
no extra sound field is generated when there are destructive phase adding in
the stationary waves along the tube, being more especially effective at high
frequencies. In terms of Acoustic Energy Density (AED) reduction, both
methods have practically the same average level, distancing just 0.7481 dB
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Figure 3.18: MAM and MEM Difference
the one from the other, which can be confusing due to the expected 3dB.
This gap might be due to the difficulty of controlling the membrane velocity
of the secondary speaker. It could be said that both methods have proved to
be in some way equivalent, at the time of minimizing the Acoustic Energy
Density (AED) in a whole bandwidth.
Eventually, the last figure is supposed to be the homologue of figure 2.10,
where the difference between both methods is presented. For values higher
than 0, MEMmethod is more efficient. In the graph is clear how the efficiency
of the active method decreases as the frequency increases.
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Chapter 4
Conclusion
During this thesis two active noise control methods have been simulated. The
first one emulated a passive method of by means of absorption by a control
secondary source. The second one, also active and involving the control of
the acoustic energy by means of a relation parameter between the velocities
of both loudspeakers, signalling and control.
Even though the theoretical explanation tried to start barely from scratch,
the reader should be familiar with the basic concepts of physics and specially
wave propagation and acoustics. Links to important literature are provided.
Hence I think this thesis shows the strength and weaknesses of both active
methods and proves them by experimentation.
The goals defined in section 1.2 were reached. However, the results of
experimentation did not match exactly with the theory stated in chapter 2,
and that might be the biggest weakness of this thesis. Causes lay on in-
accuracy of the instruments, specially the multimeter needed to control the
amplitude of the secondary wave. Nevertheless, it has been demonstrated
that both methods are equivalent, being the active one more effective at low
frequencies and as effective as the passive one at high resonant frequencies,
as seen in section 3.6.3
To conclude, the results of the thesis constitute what many bibliography
state. It has been proved that active noise control methods are more efficient
at low resonant frequencies whereas their efficiency decreases as the frequency
increases. On the other hand, the absorption method has a better broad-band
behavior.
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Appendix A
Enlarged Figures
Important figures seen in the thesis are here enlarged.
A.1 Theoretical Simulations
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A.2 Measurements
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Appendix B
Matlab Scripts
B.1 Theoretical Simulation script
%Declaration of variables
clear all;
clc;
duration =1;
Fs = 44100;
T=1/Fs;
L=duration*Fs;
t =(0:L-1)’*T;
nfft=Fs*duration;
f=Fs/44.1*linspace(0,1,nfft);
% t = linspace(0,1,nfft);
w = 2*pi.*f’;
% d=0.075; %Diameter of the tube [m]
rho=1.21; %Air’s density [Kg*m^-3]
% Delta_X=0.05; %Distance of Mic’s [mm]
long = 1.736; %Longitude [m]
c=343; %Sound velocity [m/s]
K = (2*pi.*f’)/c; %Wavenumber
Vo =1;
x = long*linspace(0,1,nfft)’;
ed = zeros(nfft,3);
51
%% -------- Closed-end Simulation --------
beta = zeros(length(f),1); %CAC Condition of Closed-end
% From equations 2.22 and 2.23
for i=1:nfft
p = (j*rho*c.*Vo.*(beta(i).*cos(K(i).*x) -
cos(K(i).*(x-long))))./sin(K(i).*long);
v = (Vo.*(beta(i).*sin(K(i).*x) -
sin(K(i).*(x-long))))./sin(K(i).*long);
ed(i,1) = abs(mean(p))^2./(2*rho*c^2) +
(rho/2).*abs(mean(v))^2;
end
%% -------- Maximum Absorption Simulation --------
beta = exp(-j.*K.*long); % CAC condition of MAM
% From equations 2.22 and 2.23
for i=1:nfft
p = (j*rho*c.*Vo.*(beta(i).*cos(K(i).*x) -
cos(K(i).*(x-long))))./sin(K(i).*long);
v= (Vo.*(beta(i).*sin(K(i).*x) -
sin(K(i).*(x-long))))./sin(K(i).*long);
ed(i,2) = abs(mean(p))^2./(2*rho*c^2) +
(rho/2).*abs(mean(v))^2;
end
%% -------- Minimum Energy Simulation --------
beta = cos(K*long); % CAC condition of MEM
% From equations 2.22 and 2.23
for i=1:nfft
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p = (j*rho*c.*Vo.*(beta(i).*cos(K(i).*x) -
cos(K(i).*(x-long))))./sin(K(i).*long);
v= (Vo.*(beta(i).*sin(K(i).*x) -
sin(K(i).*(x-long))))./sin(K(i).*long);
ed(i,3) = abs(mean(p))^2/(2*rho*c^2) +
(rho/2).*abs(mean(v))^2;
end
save data_sim_teoriques;
%% -------- Graphical Representation --------
ED = 10*log10(ed);
Isolation_1 = ED(:,2) -ED(:,1);
Isolation_2 = ED(:,3) - ED(:,1);
figure;
% plot(f,10*log10(abs(Isolation_1)),’r’,
f,10*log10(abs(Isolation_2)),’b’)
plot(f,Isolation_1,’r’,f,Isolation_2,’b’)
grid on
grid minor
title(’Red=Max_Abs Blue=Min_En’)
figure;
plot(f,ED(:,1),’b’,f,ED(:,2),’r’,f,ED(:,3),’k’)
grid on
grid minor
title(’Blue=Closed-end Red=Max_abs Blue=Min_e’)
B.2 Calibration Script
% Declaration of variables
clear;
clc;
fs = 44100;
duration =1;
nfft = fs*duration;
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data = zeros(44100,5);
for j=1:5
ai = analoginput(’nidaq’,’Dev1’);
ch = addchannel(ai,0:0);
set(ai,’SampleRate’,fs)
set(ai,’SamplesPerTrigger’,nfft)
set(ai,’TriggerType’,’Manual’)
set(ai,’Timeout’,5);
start(ai)
trigger(ai)
wait(ai,duration+15);
data(:,j) = getdata(ai);
stop(ai);
clear ai
end
Vrms = zeros(5,1);
for j=1:5
data(:,j)=data(:,j) - mean(data(:,j));
data2= data(:,j).^2;
Vrms(j)=sqrt(sum(data2)/fs);
end
Vrms_med=sum(Vrms)/5;
B.3 Acquisition Script
%% It gets 5 samples of 1 second
%Declaration of variables
clear all;
clc;
duration =1;
Fs = 44100;
T=1/Fs;
L=duration*Fs;
t=(0:L-1)*T;
nfft=Fs*duration;
f=Fs/2*linspace(0,1,nfft/2);
d=0.075; %Diameter of the tube [m]
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rho=1.21; %Air’s density [Kg*m^-3]
Delta_X=0.05; %Distancia Mic’s [mm]
c=343; %Sound velocity [m/s]
N= 5; %Number of samples
long = 1.736; %Longitude
data = zeros(N,nfft,2);
data_cal = zeros(1,Fs);
%Data acquisition
for j=1:N
ai = analoginput(’nidaq’,’Dev1’);
ch = addchannel(ai,0:1);
set(ai,’SampleRate’,Fs);
set(ai,’SamplesPerTrigger’,nfft);
set(ai,’TriggerType’,’Manual’);
set(ai,’Timeout’,50);
start(ai);
trigger(ai);
wait(ai,duration+90);
data(j,:,:) = getdata(ai);
stop(ai);
clear ai;
pause(1)
%Calibration ch 0, Mic1 Output Gain 10
data(j,:,1)=data(j,:,1) - mean(data(j,:,1));
%Factor_calibracion = sqrt(10); % If Input Section gain is -10dB
%Factor_calibracion = 10; % If Input Section gain is -20dB
%data(j,:,1) = Factor_calibracion.*data(j,:,1);
%data(j,:,1) = data(j,:,1)./Factor_calibracion;
data_cal = data(j,:,1).^2;
Vrms_Mic1 = sqrt(sum(data_cal)/nfft);
Escala_Mic1 = Vrms_Mic1/(0.1434^2); %Calib.Mic1 a 94 dBSPL
data(j,:,1) = Escala_Mic1.*data(j,:,1);
%Calibration ch1, Mic2 Output gain 10
data(j,:,2)=data(j,:,2) - mean(data(j,:,2));
%Factor_calibracion = sqrt(10); % If Input Section gain is -10dB
%Factor_calibracion = 10; % If Input Section gain is -20dB
%data(j,:,2) = Factor_calibracion.*data(j,:,2);
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%data(j,:,2) = data(j,:,2)./Factor_calibracion;
data_cal = data(j,:,2).^2;
Vrms_Mic2 = sqrt(sum(data_cal)/nfft);
Escala_Mic2 = Vrms_Mic2/(0.1584^2); %Calib Mic2 a 94 dBSPL
data(j,:,2) = Escala_Mic2.*data(j,:,2);
end
clear data_cal
save data_1000
B.4 Auto-Spectral Method (ASM) and Auto-
and Cross-Spectral Method (ACSM) com-
parison script
%Declaration of variables
clc;
duration =1;
Fs = 44100;
T=1/Fs;
L=duration*Fs;
t=(0:L-1)*T;
nfft=Fs*duration;
f=Fs/2*linspace(0,1,nfft/2);
d=0.075; %Diameter of the tube [m]
rho=1.21; %Air’s density [Kg*m^-3]
Delta_X=0.05; %Distancia Mic’s [mm]
c=343; %Sound velocity [m/s]
N= 5; %Number of samples
load data
%Particle velocity calculation
v = zeros(nfft,N);
for j=1:N
int_a=data(j,:,2)-data(j,:,1);
for t=1:L
v(t,j) = sum(int_a(1:t));
end
v(:,j) = T.*v(:,j)./(Delta_X*rho);
end
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clear int_a
% Fourier Transform of Mic’s Pressure and Particle velocity
P1=2.*fft(data(:,:,1)’,nfft)/nfft;
P2=2.*fft(data(:,:,2)’,nfft)/nfft;
Vel = (2*rho*c).*fft(v)/nfft;
Pot = (P1 + P2)/2;
% AED by means of ASM
Gp1p1 = zeros(nfft,N);
Gp2p2 = zeros(nfft,N);
for j=1:N
Gp1p1(:,j) = 2.*Pot(:,j).*conj(Pot(:,j));
Gp2p2(:,j) = 2.*Vel(:,j).*conj(Vel(:,j));
end
Gp1p1_tot = sum(Gp1p1,2)./N;
Gp2p2_tot = sum(Gp2p2,2)./N;
ED_time = (Gp1p1_tot + Gp2p2_tot)./(2*rho*c^2);
clear Gp1p1_tot; clear Gp2p2_tot;
%AED by means of ASCM
temp = zeros(nfft,1);
Gp2p1 = zeros(nfft,N);
for i=1:nfft
temp(i,1) = 1/((2*pi*i)^2);
end
temp = temp./(2*rho*Delta_X^2);
for j=1:N
Gp1p1(:,j) = 2.*P1(:,j).*conj(P1(:,j));
Gp2p1(:,j) = 4.*real(P2(:,j).*conj(P1(:,j)));
Gp2p2(:,j) = 2.*P2(:,j).*conj(P2(:,j));
end
Gp1p1_tot_cross = sum(Gp1p1,2)/N;
Gp2p1_tot_cross = sum(Gp2p1,2)/N;
Gp2p2_tot_cross = sum(Gp2p2,2)/N;
ED_freq = (Gp1p1_tot_cross+Gp2p1_tot_cross +
Gp2p2_tot_cross)./(8*rho*c^2) +
(Gp1p1_tot_cross+Gp2p2_tot_cross -
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Gp2p1_tot_cross).*temp;
clear Gp1p1; clear Gp2p1;
clear Gp2p2; clear temp;
clear Gp1p1_tot_cross;
clear Gp2p1_tot_cross;
clear Gp2p2_tot_cross;
B.5 AED calculation by means of ACSM
clear all
clc;
duration =1;
Fs = 44100;
T=1/Fs;
L=duration*Fs;
t=(0:L-1)*T;
nfft=Fs*duration;
f=Fs/2*linspace(0,1,nfft/2);
d=0.075; %Diameter of the tube [m]
rho=1.21; %Air’s density [Kg*m^-3]
Delta_X=0.05; %Distancia Mic’s [mm]
c=343; %Sound velocity [m/s]
N= 5; %Number of samples
freq = 100:5:1000;
K=2*pi/c.*freq;
Beta = cos(K*long);
Coef = 0.033.*Beta;
Resultat = [freq;Coef];
figure
hold on
grid on
grid minor
title(’AED by means od ASCM’)
xlabel(’Frequency [Hz]’)
ylabel(’Density of Energy [dBJ/m^3]’)
tic
for i=1:length(freq)
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s = [’load data_’ int2str(freq(i)) ’.mat’];
eval(s)
% Fourier Transform of Mic’s pressure.
P1=2.*fft(data(:,:,1)’,nfft)/nfft;
P2=2.*fft(data(:,:,2)’,nfft)/nfft;
% AED by means of ACSM
Gp1p1 = zeros(nfft,N);
Gp2p2 = zeros(nfft,N);
Gp2p1 = zeros(nfft,N);
for j=1:N
Gp1p1(:,j) = 2.*P1(:,j).*conj(P1(:,j));
Gp2p1(:,j) = 4.*real(P2(:,j).*conj(P1(:,j)));
Gp2p2(:,j) = 2.*P2(:,j).*conj(P2(:,j));
end
Gp1p1_tot_cross = sum(Gp1p1,2)/N;
Gp2p1_tot_cross = sum(Gp2p1,2)/N;
Gp2p2_tot_cross = sum(Gp2p2,2)/N;
temp=1./((2*pi*(1:nfft)’).^2)./(2*rho*Delta_X^2);
ED_freq = (Gp1p1_tot_cross+Gp2p1_tot_cross +
Gp2p2_tot_cross)./(8*rho*c^2) +
(Gp1p1_tot_cross+Gp2p2_tot_cross -
Gp2p1_tot_cross).*temp;
clear Gp1p1; clear Gp2p1;
clear Gp2p2; clear temp;
clear Gp1p1_tot_cross;
clear Gp2p1_tot_cross;
clear Gp2p2_tot_cross;
end
toc
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